In high photovoltaic (PV) penetration power systems, thermal units may be unable to cope with the large-scale power imbalance caused by PV reduction due to their ramp rate limitation. This paper formulates a demand response (DR) strategy to compensate for the timing imbalance between load demand and generation while avoiding high scheduling and operational expenses. First, the concept of the equivalent slope (ES) is proposed to measure the ramping speed of the net load curve and accurately quantify the DR aggregate power. Then, a DR strategy is proposed based on the ES and the thermal ramp rate limitation, in which the dynamic factor adjustment (DFA) increases the aggregate power by directly controlling the DR strategies, and the leading adjustment (LA) transfers part of the peak demand to other times when PV generation is abundant. Finally, simulation results verify the validity of the proposed strategy in maintaining the power balance while ensuring the comfort level of consumers.
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The associate editor coordinating the review of this manuscript and approving it for publication was N. Prabaharan .
θ limit Angle of S ramp t d Start time of DFA S load Slope of net load curve after DFA θ
Angle of S load W pre Amount of electricity shifted in LA
I. INTRODUCTION
With the rapid growth of photovoltaic (PV) power generation, the concern arises that its intermittency leads to instability and uncertainty of the power system [1] - [3] . High PV penetration brings major challenges to thermal power generation, especially when thermal units cannot meet the increasing load demand caused by PV reduction because of their ramp rate limitation [4] , [5] . In the 2016 report of California's grid operator CAISO, thermal units had to ramp 13000 megawatts in three hours due to the high PV penetration. The duck curve concept is utilized to describe the net load curve changes under the influence of PV, essentially describing power balancing problems [6] .
As the thermal power unit ramp rate is used to measure its output increase capability, it has a significant impact on thermal unit operation and planning. Moreover, the ramp rate is a function of the unit capacity, and relies heavily on the operation points of thermal units [7] , [8] . If the rising slope of the net load curve exceeds the thermal power unit ramp rate limitation, it will be challenging to maintain power system balance. This type of problem threatens stable and safe power system operation, and may even cause large-scale black outs in extreme scenarios [9] . Increasing the thermal ramp rate by establishing a high level of reserve wastes a large amount of fuel energy and operating costs, which is not environmentally friendly or economical [10] , [11] . Therefore, restricting the rising slope of the net load curve to match the thermal ramp rate limitation is preferable [12] .
Many studies have been conducted to solve the duck curve problem from planning and operational perspectives. Reference [13] proposed the probabilistic duck curve (PDC) and probabilistic ramp curve (PRC) to model the uncertainty and variability of electricity net load and ramp with high PV penetration. A model predictive control strategy was proposed to compensate for fluctuations in PV power generation [14] . An intrahour dispatch model was proposed in [15] to address PV ramp issues. For operational adjustment, power ramp rate control is used to compensate for PV intermittency and fluctuation [16] , to restrain the ramp rate of thermal generators. However, the volatility and intermittency problems have short time scales. Such research cannot cope with the power imbalance caused by the sudden drop in PV output in the evening. Reference [17] uses concentrated solar power (CSP), pumped storage hydro (PSH), and fuel cells in smart buildings as energy storage to solve duck curve problems, but the construction and operation costs of such stations and the energy loss when transmitting and converting electricity are nonnegligible.
To overcome the high cost and time scale mismatch, some studies adjust the load curve by DR, which is an economical and efficient method to deal with power imbalance. To reduce the energy transfer losses and costs in power grids, residential battery energy storage systems are added to residential gridconnected PV systems [18] . Intelligent loads such as air conditioners and refrigerators are used as virtual energy storage to solve the security and stability problems caused by PV intermittency [19] . Demand side management is studied to mitigate the voltage rise problem brought by excess PV generation [20] . In [21] , a home energy management system (HEMS) in a high PV penetration system was proposed, transferring part of the load to noon with its sufficient PV, realizing a reasonable distribution of household load and the rational utilization of solar energy resources while reducing electric costs. However, the HEMS may bring new peaks in the load curve, which may exacerbate the power imbalance and make the ramping problem worse. In [22] , a bi-level DR optimization strategy is proposed to reduce the ramp rate and peak load of the net load curve. The required DR aggregate power is determined by each load agent, and the smart appliances participate in DR are sorted according to the comfort index. However, when the power imbalance in high PV penetration system is extremely serious, the bi-level strategy cannot support enough DR aggregate power. Therefore, both the peak demand and the thermal ramp rate limitation should be fully considered to solve the duck curve problem.
From the above analysis, there are still several issues to be solved:
(1) At present, PV fluctuations in short time scales have been well solved [13] - [16] , [19] . However, methods need to be found to cope with the large-scale power imbalance during the sunset in few-hour time scale.
(2) It is necessary to propose a multi-time scale DR strategy that works both at the planning and operational perspectives in order to provide enough aggregate DR power to maintain the power balance.
Therefore, a combination of day-ahead and intra-day DR strategy is proposed to mitigate the power imbalance between peak load demand and thermal generation. The strategy considers the action time, the comfort range of users, and the quantitative proportion of smart appliances to assess the aggregate DR power that can be provided, and the concept of the equivalent slope (ES) is proposed to calculate the aggregate DR power needed to maintain the power balance. The dynamic factor adjustment (DFA) is an intra-day timescaled method to get more aggregate DR power, and the leading adjustment (LA) is a day-ahead time-scaled method to reshape the net load curve. The proposed DR strategy aims to solve the large-scale power imbalance problem caused by PV reduction in the power system. In addition, it overcomes the problems of insufficient DR power and the high dispatching cost in the existing methods.
Two main contributions of this paper are as follows:
(1) The concept of ES is proposed to quantify the DR aggregate potential and measure the ramping speed of the net load curve.
(2) Based on the quantified DR potential, DR strategies are proposed to reshape the net load curve considering the thermal ramp rate limitation; these include DFA and LA methods. Among them, DFA increases the aggregate power by controlling DR strategies, and LA transfers part of the peak demand to reduce the ES of the net load curve and maintain the power balance.
The remainder of this paper is organized as follows. Section II illustrates the power imbalance problem caused by excessive growth of net load demand and thermal power unit ramp rate limitation. Section III introduces the DR aggregate power model and the equivalent slope. The DR strategy is described in Section IV. Section V presents the simulation results, including the impact of DR strategies, response rate, and PV penetration on the equivalent slope of the net load curve, and the application of the DFA and LA methods. Finally, Section VI concludes the paper.
II. PROBLEM DESCRIPTION
Take a common district in China as an example. Assume that the PV penetration increases to 75% in the future. The daily peak demand is 240 MW. Notably, the PV curve is the aggregation of a large number of PV generation in the power system. The duck curve is also the aggregation of typical net load curves. The load valley reaches approximately 60 MW at 12:00 PM when nearly 75% of the load is supplied by PV generation. However, when PV power generation rapidly decreases at dusk, it is necessary for the thermal power unit to greatly increase its output to maintain the power balance. As shown in Fig. 1 , the thermal power unit must ramp 180 MW within approximately 3 hours. The net load curve has an approximate slope of 1.0 MW/min. On the other hand, the thermal unit reserve provision is 120 MW. The ramp rate is set 0.5% times the unit capacity, namely, 0.6 MW/min, which is far less than the approximate slope of the net load curve. As the thermal ramp rate limitation is difficult to change, we should solve the power imbalance problem by restricting the ramping rate of the net load curve by using demand response approaches. Reasonable use of DR resources brings power systems more flexibility and reliability [23] - [25] . However, quantifying DR aggregate potential and the corresponding strategy is challenging. This paper discusses the DR aggregation model and the equivalent slope, and proposes a novel DR strategy based on these.
III. EQUIVALENT SLOPE CONSIDERING DEMAND RESPONSE AGGREGATION POWER
Air conditioners (ACs), water heaters (WHs) and electric vehicles (EVs) are used as controllable smart appliances in DR. Their working models can be found in [22] .
The DR aggregate power of smart appliances can be described as follows:
The aggregate power curve of three smart appliances and the net load curve before and after DR is demonstrated in Figure 2 . The aggregate DR power in Figure 2 refers to the total amount of DR power that can be provided at every moment. In practice, the required DR power can be provided immediately as long as it does not exceed the maximum value available at that time. However, the slope of the net load curve after DR is variable, so it is necessary to propose a quantifiable index that can easily be compared with the ramp rate limitation. The definition of equivalent slope, S load , is illustrated in Figure 3 . S is the start point of DR, and E is the peak point of the net load curve. Calculate the integral of the net load curve between S and E and replace it with a triangle of equal area. The slope of the hypotenuse is equivalent to the slope of the net load curve.
Noticeably, the height of the equivalent triangle is unknown, and it is not necessarily equal to P(t e )−P(t s ). As (2) shows, when calculating the Area, the height of the equivalent triangle can be replaced by (t e −t s )·tan θ . The equivalent slope of the load curve S load can be calculated as (3) .
This method can replace the changing slope with a constant slope with the same amount of electricity consumed.
IV. DEMAND RESPONSE STRATEGY BASED ON THE EQUIVALENT SLOPE
The equivalent slope S load refers to the slope of the net load curve, which equals the thermal ramp rate required. The thermal ramp rate limitation S ramp refers to the available ramp rate. S load and S ramp are compared to assess whether the thermal power units can maintain the power balance. Then, the corresponding DR strategy is given.
A. DEMAND RESPONSE STRATEGY FOR A LOW EQUIVALENT SLOPE
If S load ≤ S ramp , the equivalent slope of the net load curve is below the ramp rate limitation. The fluctuations of the net load curve can be offset by thermal units.
Therefore, in the case of S load ≤ S ramp , the DR power can be calculated as follows:
The illustrative diagram is depicted as Figure 4 . 
B. DYNAMIC FACTOR ADJUSTMENT METHOD FOR A HIGH EQUIVALENT SLOPE
When S load > S ramp , the equivalent slope of the net load curve exceeds the ramp rate limitation, and the aggregate power provided by the current DR strategy cannot maintain the power balance.
Since the aggregate power required at each moment increases with time, the aggregate power needed at the beginning of DR is lower and can be provided. At this time, DR power is calculated based on the ramp rate limitation, as shown in the t s ∼ t d time period in Figure 5 . After t d , the aggregate power provided cannot keep the net load curve below the ramp rate limitation. A new method called dynamic factor adjustment (DFA) changes the DR strategy by loosening the comfort range or increasing the response times of smart appliances in order to obtain additional aggregate power. The calculation of ES is executed every one minute based on the intra-day load forecasting, and then DR strategies are adjusted to make the ramp rate of the net load curve match the thermal ramp rate limitation.
After DFA, make t d as t s in the next calculation, and calculate S load with (3). S load is the new equivalent slope after DFA. Compare it with the ramp rate limitation. If S load ≤ S ramp , calculate the aggregate power with (4). If not, the DR strategy should be adjusted again.
C. LEADING ADJUSTMENT METHOD FOR A HIGH EQUIVALENT SLOPE
The DFA method can increase the DR aggregate power by changing the response times and the comfort range. However, the response times of smart appliances participating in DR are limited, and the comfort range is also restricted considering the comfort level of residents. Therefore, the aggregate power that can be increased by the DFA method is limited. When DFA cannot solve the power imbalance problem, part of the load should be transferred to other times when the PV power generation is sufficient. This method is named leading adjustment (LA), which is used for day-ahead planning and dispatching.
Among the three smart appliances involved in DR, the realtime requirements of AC are the highest. A long-term shutdown of AC will quickly increase the room temperature and seriously decrease the user's comfort level. Consequently, ACs are inadequate for LA. The switching frequency of WHs is very low, and the water tank can retain heat. Even if WHs work in advance, they can still ensure appropriate water temperature. Moreover, the electricity consumption of EVs apart from driving time is negligible, so precharging will not affect users' travel plans. Therefore, WHs and EVs are suitable for LA. Some WHs and EVs are transferred to noon, as shown in Figure 6 . Figure 6 represents the time when DFA starts. Point S represents the time when LA stops and DR starts, and point E is the time when DR stops at night. The electricity used in advance can be calculated as follows:
Point D in
Notably, LA is utilized in day-ahead load scheduling and dispatching, and DFA is utilized in intra-day dispatching. The net load curve known from the day-ahead load forecasting is compared with the ramp rate limitation to get the amount of load power that needs to be shifted. As the day-ahead load forecasting is not necessarily accurate, when the net load curve begins to rise gradually, the ES of the net load curve may be still beyond the ramp rate limitation. The excess part of net load is reduced by DFA to maintain the power balance.
Although the daily net load curve is dynamic and changeable, the proposed strategy is still valid because the equivalent slope method can fix the net load curve in different conditions. For any given net load curve and thermal ramp rate limitation, the required DR aggregate power can be quantified, and the comfort level of users can also be ensured while realizing rational dispatching.
V. SIMULATION RESULTS
Assume that the power system in Section II has 10,000 households participating in DR. Each household has three kinds of smart appliances: ACs, WHs, and EVs. The rated power of residential ACs is assumed to be 3kW. 6,000 urban households and 4,000 rural households are involved, and the AC installation rate of each kind of household is set at 1.60 and 0.6 respectively. The total number of residential ACs is 12,000. The rated power of WHs is assumed to be 4kW, and the number of WHs is 10,000. The rated power of EVs is assumed to be 5kW, and the number of EVs is 8800. The total capacity of DR is approximately 120 MW. The working set points and related physical parameters are simulated using the Monte Carlo method.
A. THE IMPACT OF PV PENETRATION ON THE EQUIVALENT SLOPE OF THE NET LOAD CURVE
PV penetration contributes to the shape of the duck curve. In systems with different PV penetration rates, the ramp rate of thermal units and the equivalent net load curve differ significantly. Simulations are carried out with different PV penetration rates to analyze the impact of PV penetration on the net load curve. The PV penetration rates in three scenarios are set at 70%, 75%, and 80%. The ramp rate limitation and the equivalent slope of the net load curve are presented in Table 1 . According to the results in Table 1 , a system with a lower PV penetration rate has a higher proportion of thermal units, hence higher ramp capacity. Meanwhile, the equivalent slope of the net load curve before DR is also lower. In a 70% PV penetration system, the equivalent slope of the net load curve before DR is even lower than the thermal ramp rate limitation. In this scenario, the timing imbalance problem of the duck curve does not exist. In the 80% PV penetration scenario, the restriction of thermal ramping is stricter, and the equivalent slope of the net load curve before DR is higher, so more aggregate power must be provided.
B. THE IMPACT OF DR STRATEGIES ON THE EQUIVALENT SLOPE OF THE NET LOAD CURVE
To analyze the impact of different DR strategies on the aggregate power, DR strategies such as comfort range, the quantitative proportion of smart appliances, and response times are changed correspondingly in each work. The PV penetration rate is set at 75%, so the equivalent slope before DR is 0.738 MW/min.
1) THE IMPACT OF RESPONSE TIME ON THE EQUIVALENT SLOPE
In this work, the response times of smart appliances are changed. The comfort ranges in the three scenarios are 27 • C for ACs, 45 • C for WHs, and 80% for EVs. The quantitative proportion of the three appliances is 2:2:1.
The parameter setting in case 1 and the equivalent slope after DR are shown in Table 2 .
2) THE IMPACT OF THE QUANTITATIVE PROPORTION OF SMART APPLIANCES ON THE EQUIVALENT SLOPE
In this work, the quantitative proportion of smart appliances is changed. The comfort range in the three scenarios is 27 • C for ACs, 45 • C for WHs, and 80% for EVs. All appliances respond twice. Notably, the total load power remains unchanged in the three scenarios.
The parameter setting in case 2 and the equivalent slope are shown in Table 3 . 
3) THE IMPACT OF COMFORT RANGE ON THE EQUIVALENT SLOPE
In this work, the comfort range of smart appliances is changed. In the three scenarios, smart appliances all respond twice, and the quantitative proportion of AC, WH, and EV is 2:2:1, respectively.
The parameter setting in case 3 and the equivalent slope of each scenario are shown in Table 4 . Specifically, the comfort range in scenario 1 is the strictest. The net load curves after DR in the above three cases are shown in Figure 8 . Figure 8 (1) shows that more response times lead to more aggregate power, thus lower equivalent slope of the net load curve. In Figure 8 (2), the blue curve has the most aggregate power, so the demand side resource with higher AC proportion can be considered to have more aggregate power. Net load curves with different DR comfort intervals are depicted in Figure 8 (3) . Because the red curve has the strictest comfort range, it provides the least aggregate power. However, when DR ends, the smart appliances will consume more electricity to meet the set point, which makes the net load curve even higher.
The above simulation results show that increasing the response times and broadening the comfort range can significantly increase DR aggregate power, hence reduce the equivalent slope of the net load curve. Since the cycle frequency of ACs is higher than those of WHs and EVs, the higher the proportion of AC is, the lower the equivalent slope of the net load curve will be.
C. THE IMPACT OF DEMAND RESPONSE RATE ON THE EQUIVALENT SLOPE OF THE NET LOAD CURVE
In this work, the demand response rate is changed to analyze the impact of DR rate on the equivalent slope. The response rate of each scenario is assumed to be 100%, 70%, and 50%, respectively. In the three scenarios, smart appliances respond twice, and the quantitative proportion of AC, WH, and EV is 2:2:1, respectively. The comfort range in the three scenarios is 27 • C for ACs, 45 • C for WHs, and 80% for EVs. The equivalent slope of each scenario is shown in Table 5 . Figure 9 depicts the net load curve for different DR rates.
The results indicate that with increasing response rate of smart appliances, the aggregate power also increases.
D. THE APPLICATION OF THE PROPOSED DEMAND RESPONSE STRATEGY
For scenarios that can provide enough aggregate power or if the equivalent slope of the net load curve before DR is not excessively high, the dynamic factor adjustment is executed.
In section B, in scenario 3 of case 1 and scenarios 2 and 3 of case 2, the equivalent slope of the net load curve is below the ramp rate limitation. However, in other scenarios, the equivalent slope exceeds the ramp rate limitation, hence the DR strategy needs further adjustment.
Take scenario 2 in case 1 as an example. The DFA method is utilized to change the number of responses from two to three. The equivalent slope then falls below the ramp rate limitation. The DFA simulation result is shown in Figure 10 (1). For scenarios that provide less DR aggregate power, DFA is not enough to solve the power imbalance problem, so the LA method is required.
Assume that in a scenario, the original DR strategy is a single response, a strict comfort interval with AC 26 • C, WH 50 • C and EV 90%, and the quantitative proportion of smart appliances is 2:2:1. The equivalent slope before DR is 0.921 MW/min. Use DFA to broaden the comfort interval. At this time the equivalent slope decreases to 0.716 MW/min, as depicted in the blue curve in Figure 10 (2). The net load curve still exceeds the ramp rate limitation, so part of the load should be moved forward. The load needed in the LA is calculated to be 798.53 kWh. The net load curve after LA is shown as the pink curve in Figure 10 (2) .
The studies were carried out under the background of time-of-use pricing. Suppose that the on-peak hours are from 8 am to 10 pm and the off-peak hours are from 10 pm to 8 am the next day. The electricity charge for on-peak hours is 0.08 $/kWh. The electricity charge for off-peak hours is 0.05 $/kWh. The average electricity charge of each household is calculated to analyze the impact of DR strategies on the electricity charge. The results are shown in Table 6 . In the perspective of the power system, the dispatching cost of DR is positively correlated with the total amount of DR aggregate power. The dispatching cost of DR is estimated 20 $/MWh in [26] , and the total amount of DR aggregate power in this case study is 6.92 MWh, so the dispatching cost of DR is about 138.4 $. However, if the power balance is maintained only by adding spinning reserves instead of DR, an additional 60 MW spinning reserve is needed according to Section II. The spinning reserve cost of thermal generators is 6.58 $/MWh per hour [27] , so the operational cost of the additional spinning reserve is at least 1184.4 $, which is far more than the dispatching cost of DR. Figure 10 and Table 6 show that the equivalent slope after LA is approximately the same as the thermal ramp rate limitation, and the balance between generation and load demand of the power system can be maintained. In addition, the proposed DR strategy helps reduce electricity charges for residents, as well as the dispatching cost of power system.
E. THE COMPARISON WITH EXISTING DEMAND RESPONSE STRATEGY
The proposed strategy is compared with the bi-level DR optimization strategy, which is stated in reference [22] . In the bilevel strategy, the required DR aggregate power is determined by each load agent, and the smart appliances participate in DR are sorted according to the comfort index.
As is shown in Figure 11 , the aggregate power of the bi-level optimization strategy is limited. The ES of the net load curve is still above the available ramp rate of the thermal units. The DFA and LA methods proposed in this paper include load scheduling and load shifting, which effectively reduce the ES of the net load curve and solve the power imbalance problem brought by ramp rate limitation.
VI. CONCLUSION
This study developed a demand response strategy considering the equivalent slope of the net load curve. It helps thermal units to maintain a power balance between generation and load, even with the ramp rate limitation. Further, the impact of different factors on DR aggregate power is analyzed. Studies are conducted to validate the effectiveness of DFA and LA methods. The main conclusions are summarized as follows:
(1) The DR aggregate power can be increased by increasing the number of responses, broadening the comfort interval, and changing the quantitative proportion of smart appliances.
(2) The equivalent slope is utilized to quantify the DR aggregate power, making it conducive to the selection and implementation of DR strategies.
(3) The DFA and LA methods can be used to solve the power imbalance problem in a high PV penetration system. He is currently working as a Senior Engineer with the National Power Dispatching and Control Center, and engaged in distribution network management.
